Tin whiskers are filamentary tin grains, only a few micrometers wide, but capable of growing to several millimeters in length. Whiskers grow spontaneously from tin coated surfaces and are electrically conducting. This may cause issues due to short-circuiting between components of electronic devices. A number of failures of electronic products due to short circuiting caused by whisker growth have been reported [1] . Until recently, the problem of whisker growth was effectively solved by using Pb−Sn alloys rather than pure Sn. However, due to environmental concerns this solution is no longer available. The ban on the use of lead in electronic devices and components, combined with the current trend of miniaturization, can be envisaged to increase the problems caused by whisker growth in the near future.
Tin whiskers have been an active area of research for over 60 years [2] . Despite this, several questions remain to be resolved regarding the mechanisms causing the whiskers to form and grow. The main hypothesis is that whiskers grow to relax stresses in the tin layer [2] [3] [4] [5] . In the case of tin coatings on copper substrates, which is the system studied in this work, the stress is often associated * Corresponding author.
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with the volume change caused by the formation and growth of the intermetallic phase Cu 6 Sn 5 . It has been shown both experimentally [6] [7] [8] [9] and by numerical simulations [10, 11] that the growth of Cu 6 Sn 5 at the interface between the Sn layer and the Cu substrate and at grain boundaries between Sn grains generates compressive stress in the tin layer. However, formation of intermetallic phases is not a necessary condition for whisker growth. Williams et al. [12] report whisker growth on Sn−W samples not forming intermetallic phases. Sobiech et al. [13, 14] and Sun et al. [15] claim that the state of stress (tensile or compressive) is unimportant for whisker growth. Instead, they argue that whisker growth is driven by negative strain gradients in the tin layer, i.e. that the strain at the root of the whisker should be more tensile/less compressive than in the surrounding microstructure. Previous X-ray diffraction studies of tin whiskers have used techniques that only provide spatial resolution in the two dimensions parallel to the Sn coating [4, 14, [16] [17] [18] . This means that the results are averaged over the penetration depth of the X-rays, which is typically on the order of 10 lm. By using Differential Aperture X-ray Microscopy (DAXM) [19] [20] [21] diffraction patterns from different depths in a sample can be reconstructed, thus obtaining spatial resolution in three dimensions. This makes it possible to study the grain structure and the strain field around whiskers in greater detail. In the present work, tin coatings with a thickness of approximately 6.5 lm were deposited on polished 1 mm thick Cu sheets by means of electron beam evaporation. The microstructure of the Sn layer consists of columnar grains, typical for Sn coatings [7, 22, 23 ], see Fig. 1 . After deposition, the samples were left to age for four months under ambient conditions during which whisker formation took place. Prior to the X-ray experiment, a suitable whisker was located using a scanning electron microscope, see Fig. 1 .
The X-ray measurements were performed using the Laue microdiffraction setup on the CRG-IF BM32 beamline at the European Synchrotron Radiation Facility (ESRF) [24] . A polychromatic X-ray beam of 5-23 keV was focused to a spot of 0.7 lm size on the sample using a pair of Kirkpatrick-Baez (KB) mirrors. The sample was mounted at an angle of 40 • with respect to the incoming beam and the diffracted X-rays were measured by a Mar CCD 2D detector comprising 2048 × 2048 pixels with a pixel size of about 80 lm, placed at an angle of 90 • with respect to the incident beam. This geometry allowed for measurements of reflections in the range 41 • ≤ 2h ≤ 139
• . Conventional Laue microdiffraction can provide information about the crystal structure, orientation, and deviatoric elastic strains of a sample. Due to the penetration depth of the X-rays, the measurements are averaged over the volume probed by the beam [18] . Furthermore, strain determination is less accurate for grains below the surface of the sample. To remedy these limitations, a wire acting as a 'differential-aperture' can be placed between the sample and the detector [19] , the experimental setup for DAXM measurements is illustrated in Fig. 2 . During the measurement the wire is moved in 1 lm steps parallel to the sample surface and a diffraction pattern is measured for each wire position. By comparing the differential intensity of given detector pixels between two successive wire positions, it is possible to determine the scattering contribution as a function of depth along the beam [20] . The resolution in depth is essentially governed by the distances between the wire, the incident beam and the detector, by the number of steps scanned with the wire, the scanning direction, and (an effect neglected here) by the non-zero transmission of the wire edges [21] .
The measured diffraction patterns were analyzed using the LaueTools software [25] , being developed at the BM32 synchrotron beamline. The depth-resolved diffraction patterns can be indexed to obtain the crystallographic orientation of each of the grains illuminated by the X-rays. For each reciprocal unit cell an orientation matrix describing the orientation of the unit cell is obtained. From the orientation matrix the direct, (a, b, c, a, b, c) ,
, lattice parameters of the deformed crystal can be extracted. Following Ice and Pang [26] , the elastic strains, in a frame attached to the crystal lattice and assuming small deformations, can be calculated as e = 1 2 AA
with I being the identity matrix and
the matrix A 0 in Eq. (1) is constructed as in Eq. (2) but using the lattice parameters of an unstrained crystal. Unstrained Sn has a body-centered tetragonal structure with lattice parameters a = b = 5.83 Å, c = 3.18 Å and a = b = c = 90
• [4] . Since each Laue spot is related to a unique family of lattice planes, variation of the angles between Laue spots directly corresponds to the strain of the unit cell. However, due to the polychromatic beam used in the experiment, it is not possible to determine the volume of the unit cell. For this reason only the deviatoric part of the elastic strain tensor can be determined,
where tr(e) denotes the trace of the strain tensor. The effective strain, which is an invariant of the strain tensor, is defined by
with : denoting the double contraction operator. Two orthogonal lines, 8 lm and 16 lm long, intersecting at the whisker root, were scanned at steps of 0.8 lm using DAXM. In Fig. 3 , the reconstruction in depth of four diffraction peaks belonging to two different Sn grains is shown. The diffraction patterns were reconstructed with 1 lm resolution in depth. The first two rows of the figure show Laue spots coming from a grain at the surface of the sample, while the lower two rows show spots from a grain beneath the surface, positioned 5-10 lm below the surface along the incoming beam. Note that due to the 40
• tilt of the sample, the depth along the beam is greater than the depth perpendicular to the surface. The slight vertical shift in peak position with increasing depth corresponds to an elongation of the integrated peak and is an indication of strain gradients or rotation within the grains.
In panels b and d in Fig. 4 , 2D maps of the grain orientation and effective strain of the Sn grains in a region of 20 × 20 lm around the whisker are shown. The maps were obtained using conventional Laue microdiffraction, i.e. without depth resolution. The grains in the orientation map are color coded based on their Euler angles and it is assumed that the most intense diffraction spots come from the grains on the surface. From the orientation map we see that the grain size is about 3 lm with a few of the grains being elongated in one direction. This is in agreement with the SEM image in Fig. 1 . The 2D map of the effective strain shows strain variations across grain boundaries. There are also some grains with strain gradients within the grain.
This could be an indication of Cu 6 Sn 5 growing at the grain boundaries, thus deforming the region around the grain boundary more than the central part of the grain. Fig. 4a shows 3D plots of the grain orientations in the Sn coating from the DAXM measurements. It is seen that the DAXM measurements define a columnar grain structure in the tin layer, similar to that obtained by FIB, on a different region of the sample, in Fig. 1 . The grain structure is also similar to previous FIB observations published in the literature [27] [28] [29] . The whisker grain does not extend all the way through the tin layer, but rather seems to sit on top of another grain. It is also seen that the grain boundaries of the whisker grain are inclined approximately 50 • with respect to the surface. This is in good agreement with the growth model proposed by Sarobol et al. [30] in which whiskers form from surface grains with oblique grain boundaries. Note that only a small part of the whisker was scanned using DAXM, as seen in Fig. 4b most of the whisker is located at x > 0. By comparing the 2D surface map to the 3D map it is possible to identify the same grains in both maps. However, at some positions the 2D map shows a grain which is not located at the surface. For example, the pink grain in Fig. 4a is not found at the correct position in the 2D map in Fig. 4b . This is a consequence of the volume averaging of the diffraction pattern, as grains with a large probed volume will give intense diffraction spots even though they are located below the surface. This indicates that DAXM measurements are necessary even to get a correct representation of the grain structure at the surface. Depth resolution will also increase the credibility of the strain determination.
From the maps of the effective strain in Fig. 4c it is evident that the strain is low at the surface and higher deep in the sample, i.e. there exists a strain gradient in the depth direction. Again, due to the averaging over the probed volume, strain gradients through the depth of the coating can not be seen using conventional Laue microdiffraction. This observation further highlights the need for 3D spatial resolution. The high strain close to the bottom of the tin layer can be explained by the volume change due to formation of the intermetallic compound Cu 6 Sn 5 , occurring by diffusion of Cu atoms into the Sn layer. Regions of higher strain around some grain boundaries are also present. It is also seen in Fig. 4c that the whisker is not completely strain free, the part of the whisker that is above the sample surface has very low strains, but there is some strain in the root and in the grain below the root. In Fig. 1 , Cu 6 Sn 5 is forming along grain boundaries between Sn grains, and a Cu 6 Sn 5 precipitate is present just below the whisker. Similar formation of Cu 6 Sn 5 in the region studied with DAXM could explain the strain in the whisker root and around grain boundaries. High effective strain can also be an indication of plastic deformation. In fact, previous TEM studies of Sn coatings [6, 7] reveal dislocation movement from the region close to the intermetallic phase towards the surface of the Sn layer. Furthermore, dislocation pile-ups at the surface can lead to cracking of the surface oxide, which is believed to be a precursor for whisker growth [3, 5] .
Even though only a single whisker was investigated, the results are consistent with those from other studies and so can be considered to be representative for other whiskers growing from pure tin coatings of similar thickness deposited by e-beam evaporation. The mechanisms behind whisker growth and formation of Cu 6 Sn 5 are considered to be the same even for coatings manufactured using other techniques, although additional driving forces, such as additional stress due to plating impurities in the case of electroplating, might be present.
In this work the first successful 3D characterization using DAXM of the grain orientations and deviatoric strain around a tin whisker has been presented. The predicted microstructure, columnar Sn grains with the whisker grain having oblique grain boundaries, corresponds well with FIB studies of a different region on the sample, both in terms of grain shape and grain size. The whisker having angular grain boundaries is also in agreement with theoretical models for whisker formation. Furthermore, the measurements confirm the existence of strain gradients in the depth direction. The strain gradients are believed to be caused by the volume change associated with growth of the intermetallic phase Cu 6 Sn 5 . The high strain will lead to plastic deformation of the Sn layer and dislocations will pile up at the surface, leading to cracking of the surface oxide. Cracks in the surface oxide are believed to be potential nucleation sites for tin whiskers.
